In this issue of Neuron, MacWilliam et al. (2018) show that the insect carbon dioxide receptor can also detect odorants from different chemical classes, the valence of which is determined by whether they excite or inhibit the sensory neuron.
A major part of the sensory information insects get from the surrounding world comes as volatile chemical signals and is detected by olfactory receptors. In this context, the insect olfactory system has to cope with a complicated situation. First, as any chemosensory system, there is a virtually infinite number of different signaling molecules. Second, the odorants occur in a wide range of concentrations, and it is-as in the case of sex pheromones-of vital interest to follow their traces. Third, insect flight adds a new level of complexity to follow signals that move themselves. In all of these cases, how to integrate olfactory information of varying valence in a fast and reliable way is also a challenge.
Olfactory receptors are expressed in the dendrites of olfactory sensory neurons and belong to three protein families (for review, see Kaupp, 2010) ; the odorant receptors (ORs), the ionotropic receptors (IRs), and a few gustatory receptors (GRs). ORs solely occur in flying insects and seem to have evolved in response to the third above challenge (Missbach et al., 2014) , and their sensitivity can be tuned via an autoregulative mechanism to meet challenge two (Getahun et al., 2013) . IRs are related to ionotropic glutamate receptors and are widely expressed in arthropods and detect specific, often water-soluble molecules. Finally, GRs are the earliest evolved arthropod chemoreceptors (Eyun et al., 2017) . Expressed in the insect antenna, as, for example, Gr21a and Gr63a in Drosophila melanogaster, they take part in the detection of carbon dioxide (CO 2 ) (Jones et al., 2007) . That these two Gr proteins very likely play an important role in many Dipteran insects is indicated by an extraordinarily high amino acid conservation. The integration of all information gathered by these different types of peripheral receptors is generally thought to occur in the central nervous system. Sensory receptors transfer external information into an intracellular message in the sensory neuron. Further processing generates an internal representation of the outside world within the nervous system that forms the basis to develop appropriate behavioral responses. All these processes rely on a permanent interpretation of sensory data, which may happen at various levels of computing in the nervous system. While this is automatically associated with synaptic signaling, including synaptic plasticity, more subtle modulation via neuropeptides has been less in the focus of research as has signal processing already at the receptor level. This is, however, exactly what is presented in a study in this issue of Neuron in which the group of Anandasankar Ray from the University of California in Riverside demonstrates a new role of CO 2 receptors in insect olfaction (MacWilliam et al., 2018) . Behaviorally, activation of the CO 2 -detecting neuron ab1C leads to an immediate avoidance response in vinegar flies (Suh et al., 2004) . This neuron, which was earlier discovered to be narrowly tuned to CO 2 , was, however, found to respond also to various chemically diverse odorants (Turner and Ray, 2009) .
The study thus combined electrophysiological and behavioral methods. The effect of odors on the activity of olfactory sensory neurons was monitored with extracellular recordings in which the electrode was placed at the base of the sensilla that house the dendrites of ab1C olfactory sensory neurons. In a T-maze assay, flies were allowed to choose between a neutral control arm and an odor-containing test arm during 1 min. In a trap assay, flies were released in an arena and caught in traps with or without test odor during 24 hr. MacWilliam et al. (2018) show that amines and other inhibitors of ab1C neurons attract flies in the T-maze assay. In general, the effect of an odorant on Gr21a/Gr63a-expressing sensory neurons was found to determine its behavioral valence. Inhibiting odors conveyed attraction, whereas exciting odors repelled flies (Figure 1 ). The activity of the ab1C neuron is thus an important determinant for both strength and type of behavior. For example, an odor that inhibits the ab1C neuron becomes even more attractive when the neuron is already stimulated by an elevated CO 2 level. Moreover, the attraction of an odorant arising from its inhibitory effect on the ab1C neuron can override the aversive effect of this odor that is mediated by its OR. An example for such change in behavior is the presentation of geosmin at elevated CO 2 level. Geosmin is released by toxin-producing microbes, activates Or56a that is exclusively tuned to it, and produces immediate aversion (Stensmyr et al., 2012) . At an elevated CO 2 level, however, this aversion is turned into attraction as the contribution of the ab1C neuron dominates the final behavioral decision.
The evolutionary relevance of combining the CO 2 receptor with selected ORs might have been to form a pathway sufficiently reliable for immediate behavioral decisions. Such a shortcut is comparable to the restricted set of information that forms the basis for a fight or flight decision (Cannon, 1929) . In behavioral tests spanning several hours, the CO 2 receptor did, however, not play a decisive role. The control of behavior in such a long-term range probably exploits information from more receptor types, as well as other sensory modalities, and depends on the general activity and the physiological state of the insect.
Apart from the role of forming a pathway for fast behavioral decisions, the computational network provides a peripheral unit to process odor blends that contain single components with positive and negative valence. Furthermore, depending on insect life history, the valence of the CO 2 receptor can be switched to attractive as in mosquitoes, where inhibiting odors consequently reduce the attractivity, e.g., to human skin odors (MacWilliam et al., 2018) .
Including these new results, three examples of peripheral information processing that affects the performance of the insect olfactory system in terms of odorant specificity or sensitivity can be defined. First, the geosmin pathway type, where information on receptor activation is directly sent to higher brain centers without further processing and elicits immediate avoidance (Stensmyr et al., 2012) . Second, the CO 2 pathway, where receptor activation by CO 2 induces avoidance but where odorants that excite or inhibit the same neuron, can modulate the behavioral response (MacWilliam et al., 2018) . Third, the food odor pathway, where the sensitivity of ORs is set at a moderate level and where repeated contact to near-threshold agonist concentration, can sensitize the OR (Getahun et al., 2013) . The olfactory-guided immediate behavior of Drosophila melanogaster is controlled by the odorant effect on the CO 2 -sensing ab1C neuron that expresses the gustatory receptor proteins Gr21a and Gr63a.
